For non-viral gene delivery systems, desirable endosomal release is crucial for the achievement of optimum therapeutic efficacy. In this work, polyethylenimine-modified polydopamine-based nanoparticles (PPNPs) with excellent biocompatibility were prepared. These PPNPs showed an average diameter of 13 nm with narrow size distribution. Besides, they could load pGL3 DNA effectively at a mass ratio of PPNPs to DNA above 5 and form complexes with spherical morphology (60- , the hemolysis ratio of the PPNPs/ DNA complexes was only 1%, lower than that of the PEI/DNA complexes. This PPNP nanocarrier was inspiring for the design of non-viral gene delivery systems with promoted therapeutic efficacy.
Introduction
At present, cancer has become a major public health issue for its rising incidence rate and high mortality. 1, 2 In the past few decades, lots of effort has been put into cancer treatment. Among all the efforts to treat cancer, gene therapy has drawn considerable attention. By delivering therapeutic genes into target cells, it handles the sources of the disease, instead of treating the symptoms. 3 Since naked nucleic acids have poor internalization and the tendency for lysosomal degradation, non-viral carriers have been developed to compact genes and deliver them into target cells. [4] [5] [6] Nanoparticles, because of their unique properties, including adjustable size, morphology and surface characteristics, have been widely researched as non-viral gene carriers.
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To realize satisfying gene transfection, non-viral gene delivery system must overcome various extracellular and intracellular barriers.
11 One of the main barriers for gene delivery is endosomal escape. 6, 12 Many approaches have been studied to promote endosomal escape, such as peptide modication [13] [14] [15] [16] and photochemical internalization (PCI). Under light irradiation, the photosensitizers used in PCI can produce reactive oxygen species (ROS), which can rupture the lysosome and endosomal membranes, thus resulting in enhanced endosomal escape. [17] [18] [19] Raemdonck et al. developed a kind of cationic nanogel by the co-polymerization of [2-(methacryloyloxy) ethyl]-trimethyl-ammonium chloride and dextran hydroxyethyl methacrylate for siRNA delivery. 20 In photosensitizer pre-treated HuH-7_LUC cells, owing to PCI effect induced by blue light irradiation, the luciferase expression knockdown of nanogel/siRNA complexes rose from 10% to 60%. Park et al. utilized pheophorbide-a modied polymer to encase DNA/PEI complexes through electrostatic interaction. 21 Due to the ROS produced by pheophorbide-a under light irradiation at 2.0 J cm À2 , the expression level of p53 mRNA saw a 7.0-fold increase. However, the further application of PCI-based treatment has been restricted, since the ultraviolet or visible light used in PCI has poor penetration into deep tissues. Nowadays, near-infrared (NIR) light has been widely used in the research of photothermal therapy. [22] [23] [24] Compared with UV/Vis light, NIR light presents deeper penetration into tissues and cells, which provides an alternative solution for light induced endosomal escape. 25 And since NIR light could penetrate into deep tissues, it can be used in the treatment of solid tumours. Polydopamine (PDA), as a natural macromolecule, exists widely in marine mussels. It has been developed for biomedical applications for its low cytotoxicity, outstanding biocompatibility and photothermal conversion ability under NIR irradiation. [26] [27] [28] [29] Additionally, thiol and amine groups are able to react with polydopamine under basic pH environment facilely. 30 This property eases the further modication of polydopamine.
In this paper, we prepared polyethylenimine-modied polydopamine-based nanoparticles (PPNPs) for NIR enhanced gene delivery (Fig. 1) . The gene condensation ability, particle sizes and photothermal conversion ability of PPNPs/DNA complexes were characterized. In vitro cytotoxicity, gene transfection and hemolysis of PPNPs/DNA complexes were studied. The transfection level of PPNPs/DNA complexes increased aer NIR irradiation since the local photothermal conversion disrupted endosomal membrane, resulting in quick endosomal escape. This PPNPs carrier had great potential for photothermally enhanced gene delivery.
Experimental
Materials Dopamine hydrochloride, branched polyethylenimine (PEI, M w ¼ 25 000) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-Htetrazolium bromide (MTT) were obtained from Aladdin Industrial Corporation (Shanghai, China). Tris was purchased from AMRESCO LLC (Solon, USA). Luciferase reporter gene assay kit was purchased from Promega (Shanghai, China). 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPEs) and Cy3-labelled DNA (Cy3-DNA) were obtained from Sangon Biotech (Shanghai, China). pGL3 DNA was obtained from Genscript (Nanjing, China). BCA protein assay kit was obtained from KEYGEN (Nanjing, China). Lyso Tracker Green was purchased from Invitrogen (USA). Lipofectamine 2000 was obtained from Thermal Scientic (Shanghai, China).
Preparation and characterization of PPNPs
PPNPs were synthesized through a one-step method as reported with adjustments. 31 Briey, a mixture solution of dopamine (200 mg) and polyethylenimine (PEI) (80 mg) was prepared and then added into a solution containing 36 mL Tris-HCl buffer (pH ¼ 7.7) and 16 mL ethanol while stirring. The solution turned dark brown gradually. Aer 13 hours, PPNPs were collected through ultraltration at 4500 rpm (Millipore, 15 mL, 30 K). The resulted PPNPs solution was lyophilized for further characterization.
The composition of PPNPs was determined by elemental analysis (Elenemtar Analysensysteme GmbH, Germany, Vario Micro). Fourier transmission infrared spectrometry (FT-IR, VECTOR22, BRUKER CO., Germany) was used to conrm the structure of PPNPs, and the morphology of PPNPs was observed by transmission electron microscopy (JEM-1200EX, NEC, Tokyo, Japan). TEM samples were prepared by dropping 20 mL PPNPs solution onto 200-mesh carbon coated copper grid, and then the solution was removed using lter paper aer 15 min. This process was repeated 3 times. 
Gel retardation experiment
pGL3 DNA was used for gel retardation experiment. PPNPs/DNA complexes were prepared at different mass ratios. 25 mL of PPNPs/DNA solution containing 300 ng DNA was mixed with 5 mL loading buffer and then the mixture was added into 1% agarose gel. Aer applying electrophoresis at 110 V for 50 min, the gel was treated with 0.5 mg mL À1 ethidium bromide for 25 min and observed by UV transilluminator (Gel-Doc, Bio-Rad, USA).
DNA complexing efficacy
15 mL PPNPs/DNA complexes solution was incubated with 15 mL ethidium bromide (EB, 5 mg mL À1 ) for 1 h. The uorescence intensity was measured by microplate reader (Model 200 Pro, TECAN, USA) with the excitation wavelength of 510 nm and emission wavelength of 590 nm. DNA complexing efficacy
, F, F 0 and F EB stood for uo-rescence intensity of PPNPs/DNA/EB, DNA/EB and EB solution respectively.
Dynamic light scattering (DLS) test
The particle size and zeta-potential of PPNPs and PPNPs/DNA complexes were obtained by DLS test at 25 C (Malvern Inst. Ltd. UK). All the samples were measured in triplicate with the scattering angle 173 .
Photothermal conversion experiment
PPNPs/DNA complexes at mass ratio of 23 were prepared with various concentrations. The concentration of PPNPs was 96, 144, 576 mg mL À1 respectively. To measure the photothermal conversion ability, 0.5 mL of those solutions were irradiated by 808 nm NIR laser (LSR-PS-FA, LASEVER INC., China) with the power density of 2.6 W cm À2 for 15 min, and the solution temperature was measured by thermal imager (FLIR E60, FLIR Systems OÜ, Estonia).
Cell culture
All the in vitro tests were carried out in human hepatoblastoma cell line (HepG2 cells). Cells were incubated in Dulbecco Modied Eagle Medium (DMEM) containing 1% penicillinstreptomycin and 10% fetal bovine serum (FBS) at 37 C with5% CO 2 .
MTT assay
To investigate the cytotoxicity, MTT assay was performed.
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pGL3 gene was used for MTT assay. 1 Â 10 4 HepG2 cells per well were seeded into 96-well plate and incubated for 24 h. Then 10 mL of PPNPs/DNA complexes solution containing 1 mg DNA was added and incubated for 24 h. Aer that, culture media was replaced by 120 mL DMEM containing 100 mg MTT and cells were incubated for another 4 h. To evaluate the cell viability, 200 mL dimethyl sulphoxide was used to replace the culture media. The absorbance of resulted solutions at 570 nm was measured by a microplate reader (550, Bio-Rad, USA). For the cytotoxicity experiment of PPNPs/DNA with NIR irradiation, NIR laser was utilized to irradiate cells for 15 min with the power density of 2.6 W cm À2 aer the PPNPs/DNA complexes were added for 4 h.
Lipofectamine 2000/DNA complexes with the mass ratio of 2.5 and PEI/DNA complexes with the N/P ratio of 10 were used as reference. All the samples were studied in quintuplicate.
Cellular uptake efficiency
For cellular uptake efficiency assay, Cy3-labelled DNA was used. HepG2 cells were seeded into 24-well plate with a density of 2 Â 10 5 cells per well and incubated for 24 h. Next, they were incubated with PPNPs/DNA and PEI/DNA complexes containing 0.4 mg Cy3-DNA per well for 4 h. Then the cells were washed with PBS buffer (pH ¼ 7.4) for three times, removed from plate and diluted with 330 mL PBS buffer. The uptake efficiency was measured by ow cytometry (Becton and Dickinson, BD FACSCalibur Flow, USA). 
Gene transfection efficiency

Results and discussion
Preparation and characterization of PPNPs
Herein, we prepared the PPNPs in Tris (pH ¼ 7.7)/ethanol solution. The proposed mechanism was depicted in Fig. 2(a) . The alkaline pH environment induced dopamine polymerization. 32, 33 In the meantime, the catechol structure of polydopamine reacted with the amino groups of PEI through Schiff base reaction or Michael addition. 34, 35 The structure of PPNPs was further conrmed using FT-IR (Fig. 2(b) ). Compared to dopamine, the peak at 1610 cm À1 broadened in pure polydopamine nanoparticles (PNPs) aer polymerization, assigned to the C]C vibration. And for the PEI-modied polydopamine-based nanoparticles (PPNPs), the peak at 1660 cm À1 indicated the formation of C]N bonds due to the reaction between PEI and polydopamine.
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Thereaer, elemental analysis was applied to determine the composition of PPNPs by measuring the mass fraction of nitrogen and carbon in PEI, dopamine and PPNPs respectively. The result showed that PPNPs contained 7.61% of nitrogen and 16.47% of carbon. Before reaction, the mass fraction of nitrogen and carbon were 28.18% and 49.43% in PEI, 7.13% and 50.55% in dopamine. Since there were no loss of nitrogen and carbon during the formation of PPNPs, we calculated that the mass fraction of polydopamine in PPNPs was 25%. The size and morphology of PPNPs were studied by DLS and TEM. The obtained PPNPs were almost spherical (Fig. 2(c) ) and their average intensity diameter determined by DLS was about 13 nm.
Gene condensation ability study
Ideal gene carriers should be able to load gene effectively through electrostatic interaction. To investigate the gene condensation ability of PPNPs, PPNPs/DNA complexes were prepared at various mass ratios of PPNPs to DNA. Then gel retardation assay and quantitative EB exclusion assay were performed.
In gel retardation assay, unloaded DNA would interact with EB and demonstrate uorescent band. As shown in Fig. 3(a) , the lane of unloaded DNA disappeared at the mass ratio above 5, indicating the complete condensation of gene. This result was further conrmed by quantitative EB exclusion assay. Aer treated with EB, unloaded gene would show uorescence at 590 nm. The DNA complexing efficacy was dened as [1 À (F À F EB )/(F 0 À F EB )] Â 100%, where F, F 0 and F EB represented uorescence intensity of PPNPs/DNA/EB, DNA/EB and EB solution respectively. As shown in Fig. 3(b) , the complexing efficacy reached almost 100% at the mass ratio of 5, which was in accordance with the gel retardation assay. Thus, PPNPs/DNA complexes with mass ratios of 10, 15, 23 and 30 were chosen for further study.
Characterization of PPNPs/DNA complexes DLS was used to measure the particle size and surface charge of PPNPs/DNA complexes, which would nally inuence the gene transfection of complexes. 36 As depicted in Fig. 4(a and b) , PPNPs/DNA complexes were about 60-80 nm at different mass ratios with narrow size distributions, which were much larger than that of PPNPs (13 nm). Such size increase indicated the successful complexes formation between PPNPs and DNA molecules. TEM image (Fig. 2(d) ) was also applied to conrm this result. Besides, all the complexes showed positive zetapotential about 20-30 mV (Fig. 4(c) ), which was in favour of contacting with negative-charged cell membrane and promoted cell uptake.
Many studies showed that polydopamine had good biocompatibility and photothermal conversion ability. [27] [28] [29] We veried the photothermal conversion ability of PPNPs/DNA complexes by measuring their temperature change under NIR irradiation. The mass ratio of PPNPs/DNA complexes was 23. PPNPs/DNA solutions containing different PPNPs concentration were irradiated with NIR laser (2.6 W cm À2 ) at 808 nm for 15 min (Fig. 4(d) ). The photothermal conversion ability increased with PPNPs concentration. As reference, the temperature of water increased merely 9.7 C in 15 min. However, at the same time, the temperature of PPNPs/DNA solution with 0.576 mg mL À1 PPNPs elevated 19.2 C. Those results indicated that those PPNPs/DNA complexes had good photothermal conversion ability, which might be benecial for photothermalenhanced gene transfection. 
Cytotoxicity assay
The cytotoxicity test of PPNPs/DNA complexes was performed in HepG2 cells by MTT method (Fig. 5(a) ). Lipofectamine 2000, a commonly used commercial transfection reagent, and PEI were used as controls. PEI/DNA complexes were prepared at their optimal N/P ratio of 10. 37 Lipofectamine 2000/DNA complexes were prepared at mass ratio of 2.5 following the user guide. For all complexes, 1 mg per well gene was applied. As shown in Fig. 5(a) , PEI/DNA complexes showed high cytotoxicity, with only 70% cells surviving. The highly cationic PEI would induce cellular membrane damage and mitochondrialmediated cell death, thus resulting in high cytotoxicity. 38, 39 But for PPNPs/DNA complexes, they demonstrated lower cytotoxicity. Aer incubated with those complexes at different mass ratios, above 90% HepG2 cells survived. Two factors might attribute to their low cytotoxicity. First, as a natural macromolecule, polydopamine had low cytotoxicity. [27] [28] [29] Besides, the modication of PEI using polydopamine reduced the positive charge, which might hinder the cellular membrane disturbance, hence bringing about poorer cell lysis and lower cytotoxicity.
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In the following, we investigated the effect of NIR irradiation on cell viability. Aer irradiated by NIR at 2.6 W cm À2 for 15 min, the cytotoxicity of PPNPs/DNA complexes had no obvious change, which was promising for NIR-promoted gene delivery. It was worth noticing that even aer NIR irradiation, the PPNPs/DNA complexes showed higher cell viability than Lipofectamine 2000/DNA complexes, indicating that our PPNPs/DNA complexes had better biocompatibility.
Cellular uptake study
Ideal gene carriers should be effectively internalized by target cells. In this research, Cy3-DNA was utilized to label the complexes in cellular uptake study. Uptake efficiency and mean uorescence intensity of PEI/DNA and PPNPs/DNA complexes were measured by ow cytometry aer they were treated with HepG2 cells for 4 h. As shown in Fig. 5(b) , due to the cationic zeta-potential, PPNPs/DNA complexes at various mass ratios all demonstrated excellent internalization, with Cy3-positive cells being above 90%. And for the mean uo-rescence intensity (MFI), all PPNPs/DNA complexes demonstrated similar MFI as PEI/DNA complexes, suggesting that those PPNPs/DNA complexes could be internalized by HepG2 cells effectively. PPNPs/DNA complexes had potential for effective gene delivery.
Gene transfection experiment
We evaluated the gene transfection in HepG2 cells using pGL3 DNA. PPNPs/DNA complexes at the mass ratio of 10, 15, 23 and 30 were investigated, and Lipofectamine 2000/DNA (mass ratio ¼ 2.5), PEI/DNA complexes (N/P ¼ 10) were used as reference.
As shown in Fig. 5(c) , PEI/DNA complexes, as golden standard for gene therapy, demonstrated better transfection than PPNPs/DNA complexes. Because of the proton sponge effect, PEI/DNA complexes could escape quickly from endosome and lead to high transfection efficiency. [41] [42] [43] However, the high cytotoxicity of PEI/DNA complexes restricted their further application. For PPNPs/DNA complexes, the transfection efficiency presented an increasing trend as the increase of mass ratios. However, all PPNPs/DNA complexes showed lower transfection level than PEI/DNA complexes. We speculated that during the preparation of PPNPs, the reaction between PEI and polydopamine reduced the amino groups in PEI, which restricted proton sponge effect and then lowered gene transfection level. Luckily, the transfection levels of PPNPs/DNA complexes at mass ratio of 23 and 30 surpassed that of Lipofectamine 2000/DNA complexes, which was promising for practical usage.
Due to the excellent photothermal conversion ability of PPNPs/DNA complexes, the inuence of NIR in gene transfection was next investigated. The PPNPs/DNA complexes at the mass ratio of 23 were chosen, considering their good transfection results and low cytotoxicity. Aer incubated with PPNPs/ DNA complexes for 4 h, the media was replaced by fresh DMEM and NIR was then applied with the power density of 2.6 W cm À2 (808 nm) for different times. Then the cells were incubated for another 44 h, enhanced gene transfection was observed (Fig. 5(d) ). Aer 15 minutes NIR irradiation, the temperature of culture media with PPNPs/DNA complexes uptake was 0.6 C higher than the control group without PPNPs/DNA uptake. However, since only a part of PPNPs/DNA complexes were internalized, the exact concentration of complexes inside cells was unclear and difficult to measure. And the transfection level of PPNPs/DNA complexes almost tripled, reaching at 3.2 times the transfection level of Lipofectamine 2000/DNA complexes. Recent studies indicated that under NIR irradiation, the local heat conversion by the photothermal conversion agents in gene carriers would promote the disruption of endosomal membranes, leading to quick endosomal escape. 44, 45 Thus the gene transfection would be increased aer NIR irradiation. 
Intracellular trafficking study
The mechanism of NIR induced transfection enhancement was further investigated by confocal laser scanning microscopy. PPNPs/DNA complexes were prepared at the mass ratio of 23. Cy3-DNA (red) was used to label the PPNPs/DNA complexes. Lyso Tracker (green) was utilized to label endosome. As shown in Fig. 6 , for PPNPs/DNA complexes without NIR irradiation, the red and green uorescence partly overlapped and yellow uorescence formed. This meant that PPNPs/DNA complexes were located in endosome, since their inhibited proton sponge effect restricted the endosomal escape. Aer NIR irradiation (2.64 W cm À2 , 15 min), the red and green uorescence became more separated. We speculated that the local heat conversion by PPNPs/DNA complexes might disrupt the endosomal membranes and lead to quick endosomal escape of those complexes. Nevertheless, this disruption did not bring about higher cytotoxicity ( Fig. 5(a) ), indicating those PPNPs/DNA complexes had good biocompatibility even aer NIR was applied.
Hemolysis assay
Before in vivo application, hemolysis assay could be utilized for further biocompatibility study. We prepared PPNPs/DNA complexes at the mass ratio of 23 for hemolysis assay. PEI/ DNA complexes (N/P ¼ 10) were chosen as control. As shown in Fig. 7 , rising trends of hemolysis rates were observed as the increase of DNA concentration for both complexes. And PPNPs/DNA complexes demonstrated lower hemolysis ratio than PEI/DNA complexes. At the DNA concentration of 20 mg mL À1 , the hemolysis ratio of PPNPs/ DNA complexes was only 1%, whereas for PEI/DNA complexes, above 5% red cells showed hemolysis. Those results indicated that our PPNPs/DNA complexes had outstanding blood biocompatibility, which was promising for further in vivo application.
Conclusion
In summary, we developed PPNPs nanoparticles based on the biocompatible polydopamine as gene carrier to realize photothermally enhanced gene transfection. Those PPNPs nanoparticles were prepared through the reaction between polydopamine and PEI. Aer loading DNA, the average diameter of the resulted PPNPs/DNA complexes ranged from 60 to 80 nm at different mass ratios of PPNPs to DNA. In the gene transfection experiment, PPNPs/DNA complexes with the mass ratio of 23 and 30 demonstrated better transfection than Lipofectamine 2000/DNA complexes. And the transfection level of PPNPs/DNA complexes in HepG2 cells could be enhanced by applying NIR irradiation, with the transfection level of PPNPs/ DNA complexes tripled aer exposed to NIR light with the power density of 2.6 W cm À2 for 15 min. Under NIR light irradiation, PPNPs/DNA complexes produced heat, leading to endosomal membrane disruption, which promoted gene transfection. The photothermally enhanced endosomal escape was also conrmed by CLSM observation. Since endosomal escape is one of the main barriers for the realization of optimal gene transfection, by promoting endosomal escape using the tissue-penetrable NIR light, this PPNPs nanocarrier provided us with an alternative strategy to achieve high transfection results. NIR light could be further applied to the treatment of solid tumours for its deep penetration in tissues. And moreover, the PPNPs/DNA complexes exhibited excellent biocompatibility, with low cytotoxicity in HepG2 cells even aer NIR irradiation and low hemolysis ratio in rabbit blood, which showed great potential for further biomedical applications.
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